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SUMMARY 
 
The goal of this study is to observe the tendency of various machining condition in milling as 
well as the depth of cut, feed per tooth and cutting speed, and to increase the tool life and material 
removal rate in macro-milling of titanium.  
In this study, the FE model describes a milling process using the Johnson-Cook plasticity model. 
The simulation shows that comparing the increasing rate of tangential force followed by increasing 
feed and depth of cut, there was more increase of tangential force with increasing depth of cut. Thus 
increasing the feed rate is the preferable method of increasing the material removal rate in Ti-6Al-
4V machining.  
Cryogenic machining has been proved useful for machining hard metals and super alloys such as 
titanium and titanium alloys. There have been numerous experimental studies of turning procedures 
involving Ti-6Al-4V under cryogenic machining conditions showing improvement in the tool life. 
Milling is an essential machining process, however, literature showed very few work in cryogenic 
assisted milling work. 
The present work is concerned with cryogenic-assisted milling of Ti6Al4V. Liquid nitrogen (LN2) 
was supplied to the back side of the tool to help reduce the amount of workpiece precooling. However, 
the cutting forces were increased due to the cooling effect of the LN2. Workpiece preheating was used 
to increase the workpiece temperature. Three cutting speeds and three machining environments (dry, 
cryogenic, and cryogenic plus preheated) were considered in the analysis of tool wear, material 
removal rate, cutting forces, tool wear morphology, and chip morphology. Soft and hard tool coatings 
were applied in the present study. It was observed that the tool life could be increased by 50 to 90% 
with a soft coating (Si), and by up to 50 to 55% with a hard coating (CrTiAlN). The tool wear 
morphology showed that rubbing and chipping were the primary tool wear mechanisms. It is expected 
that the present work will be useful for improving the tool life and reducing the cost of hard metal 
products. It may also be useful for improving the quality of the finished products. 
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1. INTRODUCTION 
 
 
 
1.1 Demand of Titanium alloy in industry 
 
The human being has started using the titanium from 1950, after the industrialization. Despite the 
short history of use, innovative material called titanium in the 21st century, its application was wide; 
aerospace materials, golf club heads, tennis rackets, watches, or artificial bones or other bio- metal 
products. In the industry, a variety of materials are used depending on the applications as the strength, 
corrosion resistance, or productivity. Titanium is commonly known the metal, which is quite light and 
strong material. With 60% lighter weight than steel(titanium: 4.50 g/cc, steel: 7.85 g/cc), Titanium 
alloy shows 140~220 MPa of high strength. The property which has the high strength compared to the 
low density and high corrosion resistance as well as non-toxic by the titanium oxide film is 
advantageously used in aviation industry and ergonomics. 
 
 
 
 
Figure 1. World production of titanium sponge, 1995 to 2012 (Roskill 
Information Services) 
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Figure 2. Percent weight of Titanium in Boeing series(Boeing Company 2013) 
 
However, titanium shows a low workability because of the high tensile strength, low thermal 
conductivity and low young's modulus. These properties cause the easy deposition of chips on the tool 
during machining, causing a significant drop of the tool life. The machinability of the titanium is 
lower than the aluminum of about 8 times and 9 times lower than the steel. 
 
 
 
Figure 3. Properties of titanium alloy (Hong et al, 2006) 
 
 
Figure 4. Machinability of several materials (Korea Evaluation Institute of industrial Technology, 
2013) 
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Recently, the cryogenic machining comes to propose a process for improving the machinability 
of titanium alloy. Cryogenic machining means for processing which lowers the tool temperature -100 
to 200℃ during the processing of milling and turning. Cryogenic machining process may have two 
types of cooling techniques using liquid nitrogen(LN²) or using carbon dioxide(CO²). CO² cooling is 
focus on the purpose to remove the bur and chips. In the case of LN² cooling, the main purpose is 
focusing on the cooling of the tool. Thus, the LN² cooling is in generally used for titanium machining 
because of the high machining temperature. 
Many studies have confirmed that the cryogenic machining of titanium generally improve the 
tool life compared to the normal machining. However, most studies have been investigated in only the 
turning not in the milling process. Not only the physical properties of the titanium alloy at cryogenic 
temperatures is changed, also the hardness and tensile strength is increased and the elongation shows 
a tendency to decrease and those are the factors that degrade the machinability This study will analyze 
the trend of the machining conditions of the titanium alloy by FEM, and design the test for processing 
by heating the workpiece in order to improve the efficiency of the cryogenic machining. 
 
 
Figure 5 Example image of cryogenic machining (institute of Machining Technology ISF) 
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Figure 6. The number of literatures of cryogenic machining 
 
 
1.2 Objectives of research and approach 
 
The aim of this study is to observe the tendency of various machining condition in milling as well 
as the depth of cut, feed per tooth and cutting speed, and to increase the tool life and material removal 
rate in macro-milling of titanium.  
  
  This research executes three steps.  
· Step 1: Develop a material database for FEM from Johnson–Cook model using Ti-6Al-4V 
workpiece with WC tools. The FEM package Abaqus® Explicit version 6.12 has been 
used to model the 3-D milling process. 
· Step 2: Determine the optimized machining condition (e.g., depth of cut, cutting speed and feed 
per tooth) of Ti-6Al-4V milling. The rate of increase in tangential force should be a 
standard to decide the preferred machining condition.  
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· Step 3: Observe the effect of the cryogenic machining and the pre-heated cryogenic machining 
on the cutting force, chip morphology, tool life and material remove rate. The machining 
condition should be used the value, which are extracted by Step 2. 
 
 
Figure 7. Flow chart of thesis organization 
 
 
1.3 Dissertation and organization 
 
SECTION 1. INTRODUCTION 
This section introduces the world demand of titanium alloy, and briefly describes the cryogenic 
machining of Ti-6Al-4V. This section includes the research objectives, motivation, and organization. 
 
SECTION 2. LITERATURE REVIEW 
  This section presents the fundamental machining mechanism in the milling process, Finite element 
modeling(FEM) of milling with Johnson-Cook plastic model, and the effect of cryogenic machining 
in turning and milling.  
 
SECTION 3. FEM OF THREE-DIMENSIONAL MILLING PROCESS OF Ti-6Al-4V 
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  This section covers the boundary conditions of FEM as property data of workpiece(Ti-6Al-4V), 
tool (WC), friction, formulation, machining conditions, and mesh design. 
 
SECTION 4. CRYOGENIC MILLING PROCESS WITH PREHEATED WORKPICE 
  This chapter presents the results of cryogenic milling effects on cutting force, chip formation and 
tool life. 
 
SECTION 5. CONCLUSIONS AND RECOMMENDATIONS 
This section covers summery of conclusions and further study. 
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2. LITERATURE REVIEW 
 
 
 
2.1 Fundamentals of micro milling process 
 
Increasing demand for fabrication of titanium alloy products in aerospace, bio-metallic material 
and auto industrial sectors has created the need of efficient process because of the poor machinability 
and high accuracy for their product. Machining processes include milling, turning, drilling, sawing, 
shaping, broaching, and grinding. Milling, which is multipoint cutting process, is the machining 
process with rotating cutters to remove material. A difference between milling and drilling is depends 
on the purpose of machining. The quality of milling process is determined by several factors, 
including the tool life, productivity, surface roughness of workpiece and cost of production. In this 
study, the tool life and productivity should be the most important factor in titanium alloy milling.    
 
2.1.1 Cutting mechanism modeling in micro milling process 
 
The machining parameters in milling process are composed of several factors as radial depth, 
depth of cut, feed and cutting speed. Milling is divided into up milling and down milling, depending 
on the type of feed. The processing of the titanium alloys generally uses the up-milling because of the 
high strength. The coordinate system in milling is divided into three directions as feed direction of the 
tool Fx, the vertical direction of tool transfer Fy and axial direction Fz. The primary component 
Ft(tangential cutting force in the direction of spindle rotation) and a thrust component(normal cutting 
force with respect to the direction of spindle rotation)Fn are can calculated by the equation(1).  
 
 
  
  
 =  
cos  − −
 
 
 − sin  − −
 
 
 
sin − −
 
 
 cos  − −
 
 
 
  
  
  
       (1) 
 
In the micro-machining, cutting depth and feed is to be considered the plunge effect. If the radius 
of edge of tool(  ) is less than the chip thickness(  ), material recovery will occur. Therefore, the 
processing conditions, the chip thickness of cut should be set larger than the radius edge of the tool.  
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Figure 8. Coordinate system of milling 
 
 
Figure 9. Schematic view of the plunge effect(Özel et al, 2011) 
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In the literature, The WC micro end mills which is hard materials coated has been explored. 
Aramcharoen et al has authorize the effect of numerous coating, CrTiAlN, TiAlN, TiCN, TiN, which 
were PVD coated(thin layer ± 0.15 mm) on the flat carbide end mills. The presentation of micro end 
milling of steel (45 HRC) showed that TiN coating has the best efficiency in tool wear, improvement 
of surface roughness, reduction of chips, and burr size (Aramcharoen et al. 2008). Furthermore, the 
WC-CrTiAlN coated micro end mills offer distinct advantages rather than the uncoated carbide end 
mills in improvement of surface roughness and reduction of tool wear. 
In titanium alloy machining, burrs remaining is a critical problem (Schueler et al., 2010), 
coatings on the tool can improve the machinability (Corduan et al., 2003). 
The Cubic Boron Nitrite (CBN) coatings in titanium alloy cutting can reduce friction and increase 
wear resistance (Özel et al., 2010).  
 
2.1.2 Evaluation of Tool wear 
 
The tool wear in milling is based on the International Organization for Standardization(ISO). The 
tool wear test should be follows the condition; billet type, at least 2 times the width of the diameter of 
the cutter, 10 times of the diameter must be a minimum length. Tool geometry and nomenclature are 
subject to iso3002-1, should be based on the using new tools every time. The axial run out of the tool 
is less than 30um, the radial run out is to be installed below 50um, and a tool roughness Ra values 
should not exceed 1.25. The minimum limitation of the feed should be larger than 0.05mm, and the 
radial depth should be larger than 0.25times of diameter.  
Type of wear that occurs during milling is flank wear, creator wear, chipping, cracking and 
flaking. Since creator wear, chipping, cracking and flaking are damaged by thermal damage or the 
imbalance of the tool. Thus, the 300μm of the flank wear should be the standard for determining tool 
life.(ISO-8688). 
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Figure 10. Flank wear on the milling tool 
 
 
2.2 Plastic material behavior  
 
2.2.1 Johnson-Cook material plastic behavior model 
 
There are many models explaining the plastic deformation of the material as Zerilli-Armstron 
model, Artificial Neural networks model and Johnson-cook model. The J-C model cover the isotropic 
strain hardening, hardening of strain rate and effect of thermal softening. These three independent 
terms are isolated by the criteria which can be identified from each certain parameters.(Gupta, 2013) 
 
( )
0
1 ln 1
m
n r
m r
ε T T
σ ε C
ε T T
æ öæ ö æ ö-
ç ÷= A + B + -ç ÷ ç ÷
ç ÷-è ø è øè ø
&
&
   (2) 
 
Table 1: Meaning of J-C model parameters. 
J-C value A B C m n 
Meaning Yield strength Coefficient of 
strain 
hardening 
Coefficient of 
strain rate 
hardening 
Thermal 
softening 
exponent 
Strain 
hardening 
exponent 
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Each of the J-C parameters can be extracted by tensile test and high temperature tensile test.  
 
- Extract A, B and n: Fixed rate reference temperature and reference strain  
In this condition, the second and third terms become unit value 1. Thus the equation should be 
changed: 
  
The J-C parameter value of A is obtained from the yield stress at reference temperature and 
reference strain rate. Plotting a line with following equation(2-2) gives the intercept lnB and the slope 
n. 
 
- Extract C: Fixed strain and reference temperature 
At this condition, the third term become unit value 1. Thus the equation should be changed: 
 
 
 
For every strain, a plotted line with the equation(2-4) gives the slope C.  
 
 
 
- Extract m: Fixed reference strain rate and strain 
Under this condition, the second term become unit value 1. Thus the equation should be changed: 
 
 
 
Using the stress date for specific strain, lines are plotted by the equation (2-6) to obtain values of 
m. 
 
 
 
   1 −
 
(     )
 =  ln( ∗)    (2-6) 
 = ( +    )(1 −  ∗ )     (2-5) 
   
 
(     )
− 1 =  ln(
 ̇
 ̇   
)    (2-4) 
 = ( +    
 )(1 +     )̇       (2-3) 
  ( −  ) =    +  ∙              (2-2)       
  
 = ( +    )(1 −  ∗ )            (2-1) 
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2.2.2 The damage theory for chip morphology 
 
The material damage model explains element removal and deletion during the cutting process. 
Figure 11 describes a stress–strain curve, which shows the material’s elastic and plastic behavior. The 
range O-A means the perfectly elastic region. A-B curve signify a strain-hardening and plastic-
yielding region. Damage occurs after point B, and point C describes the ultimate strength as a zero 
modulus of hardening. The fracture starts from point F at D = 0.7, and point G shows the theoretical 
fracture (D = 0.99).  
 
Figure 11. Material behavior of ductile material 
The stiffness decreases after the point B, and the influenced stiffness can be describes as an 
equation (3). 
                        (3) 
 
 is the influenced stiffness,
 
D (0 < D £ 0.99) is the degradation factor and  is the initial 
stiffness of the material. 
The J-C shear failure model describes the damage model by the five failure D1, D2, …, D5 . as the 
equation (5). At point B in figure 11, the scalar damage parameter ω just exceeds unity. The scalar 
damage parameter can be defined as equation (4)  
 
                      (4) 
 
0(1 )fE D E= -
fE 0E
1
p
j ji
n
O
e
e
w
=
æ ö
= ç ÷
è ø
D
å
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 is the change of plastic strain at each of the integration point, and   ̅  is the equivalent 
plastic strain to indicate the initiation damage. The equivalent plastic strain and can be defined with 
following equation (5). 
 
  ̅ =    +   exp
   
 
   
 
 ×  1 +   ln  
 ̇
 ̇ 
  ×  1 +    
     
     
    (5) 
 
2.3 Cryogenic milling process  
 
Titanium has a lightweight, high-strength, corrosion-resistant, biocompatible, high-temperature 
material, but its high strength and low thermal conductivity make it as a difficult metal to machine. 
High machining temperatures and excessive tool wear are two major obstacles that increase the 
machining cost. Milling process is a common machining method, and is used for machining a wide 
variety of metals, polymers, and ceramics. However, high cutting temperatures lead to tool wear and 
shortened tool life, together with poor surface quality and a low material removal rate. Su et al 
reported a high-speed milling operation using compressed cooled nitrogen mixed with a lubricating 
oil to form a gas–oil mist(Su et al. 2006). The effects of cryogenic, emulsion, and dry cutting on the 
cutting force, tool wear, tool life, cutting temperature, and surface roughness have also been studied, 
and a considerable amount of experimental research on the cryogenic machining of Ti6Al4V has 
already appeared in the literature [2 – 6]. In particular, methods have been investigated for achieving a 
lower cutting temperature by supplying liquid nitrogen as a cryogenic fluid to the rake face, flank face, 
and rake and flank together [7 – 9]. 
The maximum machining temperature reduction has been observed for simultaneous cooling of 
the rake face and flank face. A 75% reduction in cutting temperature has been recorded via this 
technique compared to dry cutting [7]. The temperature reduction is greatest when cooling the rake 
face and flank face with two nozzles. The cutting temperatures according to cooling conditions in 
order from highest to lowest are as follows: dry > emulsion > workpiece precooling > flank cooling > 
rake cooling > flank + rake cooling. 
Tool life and tool wear analyses have a similar objective: determining the material removal capability 
of a tool before it expires. However, not many researchers have investigated the effect of LN2 on the 
tool life, and few have measured tool wear. Venugopal et al. [5] showed that the application of LN2 
increases the tool life by 242%; specifically, the tool life increases from 7 to 24 min at a cutting speed 
of 70 m/min. Cryogenic machining enhances the tool life by 169 and 93% in comparison with dry 
cooling and emulsion cooling, respectively [1]. In another study, an increase in the tool life by 467% 
was reported when using LN2 instead of dry cutting [8]. 
peD
14 
 
It has been shown that cryogenic cooling has less of an effect on cutting forces. In most cases, 
cutting forces increase if LN2 is used during the machining of Ti6Al4V [4, 8]. Matteo et al. [10] 
observed a reduction in cutting force and an increase in tool life in a turning experiment where the 
rake and flank were cooled together. For metals such as AISI 1045 steel, the cutting forces decrease 
when LN2 is applied [11]. However, with Ti6Al4V, the main cutting force increases because of the 
increased strength of the material at low temperatures. Bermingham et al. [4] reported increased 
cutting forces when LN2 was used on the rake face only. A small reduction in these forces was 
observed when LN2 was applied to both the rake and flank using two nozzles. The major reason for 
the increased cutting forces was the increased material strength due to the lower temperatures. 
Currently available literature indicates that cryogenic machining is a beneficial technique that 
increases the tool life and decreases the machining temperature. This results in longer tool life and 
improved surface finish. A major point of interest is that the method of application is the key element 
governing most of the machining response. Simultaneous cooling of the flank and rake faces provides 
a better surface finish at low cutting forces and temperatures, together with a longer tool life. This has 
motivated further research into the method of application. Most of the reported work has been 
concerned with turning processes, in which there is continuous contact between the tool and the 
workpiece. However, milling is also an important manufacturing process, and can be used to machine 
complicated freeform shapes. In a milling process, there is discontinuous contact between the tool tip 
and the workpiece; specifically, the contact is periodic, i.e., the tool tip is free after making a single 
cut. This suggests that cooling should be provided to the tool tip when it is moving without contact. In 
this research, specially designed fixtures were used to provide cooling to the tool tip when it was not 
in contact with the workpiece, and were found to be helpful in reducing the amount of workpiece 
precooling and eliminating the necessity for fully dipping the tool tip into the cryogenic fluid. In 
addition to this, procedures were developed to preheat the workpiece utilizing electric bar heaters. It is 
expected that the present work will facilitate the discovery of new applications for cryogenic 
machining, and that the reduction in cutting temperature will increase the tool life in milling 
operations. A preheated workpiece may be helpful for reducing the cutting forces. 
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Figure 12. Average flank wear of carbide tools in dry (a) and cryogenic milling process.(b) (Che-
Haron et al. 2011). 
 
 
 
Figure 13. SEM views of the wom-out insers after machining for 5 minutes at (a) 94m/min and (b) 
145 m/min (B. D. Jerold et al 2012). 
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3. THREE-DIMENSIONAL FEM OF MILLING PROCESS IN Ti-6Al-4V 
 
3.1 Material plastic model  
 
The program Abaqus® version 6.12 has been used to model the three dimensional FE modeling of 
milling process. The numerical formulation comprised of process conditions as interactions between 
the workpiece and the tool, geometry of modeling, material properties, and the boundary conditions. 
The Johnson-Cook(J-C) material model and J-C damage model were used to express the material 
plastic behavior under cutting condition. The J-C model parameters are shown in table 1 which 
includes yield stress A, coefficient of strain hardening B, coefficient of strain rate hardening C, 
thermal softening exponent m, strain hardening exponent n, and damage parameters D1~D5. The 
mechanical and thermal properties are designated in table 2 and 3 respectively.  
 
Table 2: J-C model parameters of Ti-6Al-4V (Lesuer et al. 2000). 
Constant A(MPa) B(MPa) C m n D1 D2 D3 D4 D5 
Value 1098 1092 0.014 1.1 0.93 -0.09 0.25 -0.5 0.014 3.87 
 
Table 3: Mechanical properties of Ti6Al4V (Zhang et al 2001). 
Properties Density(kg/m3) Melting 
Temperature(℃) 
Inelastic 
heat fraction 
Poisson’s 
ratio 
Friction 
coefficient 
Value 4500 1640 0.9 0.32 0.6 
 
Table 4: Thermal properties of Ti6Al4V (Ozel et al 2010). 
Temperature 
(℃) 
Specific heat 
capacity (J/Kg-K) 
Temperature 
(℃) 
Thermal 
conductivity(W/m-K) 
Temperature
(℃) 
Elastic modulus 
(GPa) 
301 510 301 8 15 114 
396 535 401 9 88 109 
495 562 500 11 201 103 
602 585 699 14 422 86 
799 650 799 16 535 73 
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3.2 Boundary conditions and numerical formulation  
 
Figure 14(a) describes the simplification of tool and workpiece with only one flute to reduce the 
elements numbers. Fig. 14(b) describes the boundary conditions and initial conditions applied in the 
simulation. Geometry of the tool consisted of 3mm of diameter, 60 degree of helix angle and tet-type 
of mesh. The tool was configured a rigid body to prevent the heat transfer to or from the tool and 
deformation of geometry. The tool was set to rotate clock-wise direction, and the reference point was 
located on the axis of rotation. The workpiece was designed with half circle shape. The outer surface 
of workpiece was set with a heat sink temperature of 27°C, and 27ºC of initial temperature. 
Eight-node temperature-coupled brick, hourglass control, trilinear temperature displacement, hex 
type, and 36,000 of elements were used to determine the workpiece. Ozel et al (2004) reported that 
the shear friction is 1 and 0.5~0.7 at sticky zone and general contact surface respectively. The 
boundary condition of machining was shown in a table 4; 50, 100, 200	μm feed per tooth, 50, 100, 
200	μm depth of cut and 25, 50 m/min cutting speed. 
 
 
 
Figure 14. (a) Simplification of tool and workpiece in milling process. (b) Initial boundary conditions 
of the simplified milling process. 
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Table 5: Information of boundary conditions and 3-D modeling. 
Boundary conditions Value 
Tool diameter (mm) 3 
Helix angle (°) 30 
Mesh type of tool Tet 
Mesh type of work piece Hex 
Feed per tooth (  ) 50, 100, 200 
Depth of cut (  ) 50, 100, 200 
Cutting speed (m/min) 25, 50 
Initial temperature of workpiece(℃) 27 
 
3.3 Comparison between simulation and experiments 
 
The actual experiment of milling process is implemented with a desktop milling machine, which 
has an accuracy of ± 10 μm and a positioning resolution of 0.1 μm. The tool could move in the X and 
Z directions and the workpiece could move in the Y direction. Information of the tool is tungsten 
carbide, CrTiAlN coated, 3-mm-diameter, two flute end-milling cutter (UNION technology CZS 
2030-0755) with a helix angle of 30°. The size of 50*50*10mm of workpiece has been attached on 
the force sensor Kistler Mini-dyne® 9256C2. Three depth of cuts, 50, 100 and 200 µm, three feed 
rates of 50, 100 and 200 µm/tooth/rev. and two cutting speeds of 25 and 50 m/min have been 
considered for the machining conditions. 
In the 3-D FE model, Figures 15 describe the von Mises yield criterion and chip formation 
mechanisms for each cases. Figures 15(a)–(c) describes the formation of chip with changing the depth 
of cut from 50 µm to 200 µm. Varying the depth of cut from 50 µm to 200 µm increased the rubbing 
area of rake face and uncut chip area. Figures 15(a), (d), and (e) describes the chip formation with the 
difference feed rate. Wider chip is caused by the higher feed rate. Figures 15(a) and (f) describe the 
influence of the cutting speed from 25 m/min to 50 m/min. Increase cutting speed shows that the 
diminished maximum stress from 1518 MPa to 1473 MPa due to an increase in machining 
temperature. 
  
19 
 
 
Figure 15. Von Mises stresses of various machining condition:(depth of cut in µm, feed rate in 
µm/tooth/rev., cutting speed in m/min) (a) 50, 50, 25; (b) 100, 50, 25; (c) 200, 50, 25; (d) 50, 100; (e) 
50, 200, 25; (f) 50, 50, 50 
 
The comparison between simulated data and experimental data is shown as figure 16. Figures 
16(a) and 16(b) describe the force correspondence obtained by the simulated data and actual 
experimental data in the X and Y directions. The validation of the experiments model at depth of cuts, 
feed and cutting speeds is shown as figure 17. Figure 17(a) and 17(b) describe model validation 
between a depth of cut 50 µ and 200 µm at the feed rate of 50 µm feed per tooth and the cutting speed 
of 25 m/min. Fig. 17(c) describes the model validation between feed per tooth of 200 µm at a cutting 
speed of 25 m/min and the lowest 50 µm depth of cut. Figure 17(d) shows the model validation of the 
highest cutting speed of 50 m/min at the feed per tooth of 50 µm and the depth of cut 50 µm.  
The data shows an error range of 1-29%, 5-34% and 26-53% in the feed direction, normal to feed 
direction and the thrust direction, respectively. The experimental thrust force was larger than the 
predicted thrust force due to the plastic recovery of the material that affect a stress to the non-cutting 
surface. The plastic recovery generated the non-cutting area on the material, which caused a micro 
depth of cut. This non-cutting area is provided a thrust force by minute depth of cut. The result of 
simulated value observed smaller than experimental value due to effect of plastic recovery.  
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Figure 16. Comparison of the cutting forces between the actual experimental and simulated data.  
 
 
Figure 17. Model validation between experiment and simulation at (depth of cut in µm, feed rate in 
µm/tooth/rev, cutting speed in m/min) (a) 50, 50, 25; (b) 200, 50, 25; (c) 50, 200, 25; (d) 50, 50, 50 
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The most size of the mesh is set by large scale as 10 µm to prevent the reproduction and the 
bending of the chip. The cutting area which has a plastic deformation is set by 2-3 µm of mesh size 
for chip morphology. This division of the mesh size reduces the simulation time significantly. 
Figure 18 shows the chip morphology between simulation and experiment. The curvature of the 
experimental chips was 229 µm and the curvature of the simulation was 220 µm. The shape of the 
chips between experiment and simulation shows quite similar. The model did not replicate the shear 
bands in the micro-structure of the chips, as these structures were smaller than the mesh size.   
 
 
Figure 18. Comparison of the chip morphology: (a) experiment and (b) simulation; at a 50 µm depth 
of cut, 50 µm/tooth/rev feed rate, and the 25 m/min cutting speed. 
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Figure 19(a) shows the radial, tangential, and axial cutting forces following the various depth of 
cut. For the change from 50 µm to 100 µm of depth of cut, a tangential force was predicted to be 
increased 48 % followed by additional 129 % increase of tangential force by changing the depth of cut 
from 100 to 200 µm. Increase in the depth of cut resulted from those factors lead an increase of chip 
load and therefore following tangential force was also increased; however, if an additional depth of 
cut was increased by 100 µm, radial force was not varied. In case of the axial force, it decreased by 
17 % following the increase of depth of cut from 50 µm to 100 µm. In contrast, it increased by 142 % 
if the depth of cut increased by 100 µm. 
Figure 19(b) is showing the effect of feed rate on the radial, tangential, and axial forces. By 
increasing the feed rate from 50 µm/tooth/rev to 100 µm/tooth/rev, the tangential force increased by 
33 %. And it increased 84 % additionally with increasing feed rate from 100 µm/tooth/rev to 200 
µm/tooth/rev. This could be resulted from the increasing non-cutting chip area. If the feed rate was 
increased from 50 µm/tooth/rev to 100 µm/tooth/rev, the radial force decreased by 11 %; however, the 
increase of radial force by 41 % was observed when the feed rate was changed to 200 µm/tooth/rev. In 
case of the axial force, it increased by 91 % with the increasing feed rate from 50 µm/tooth/rev to 100 
µm/tooth/rev. Furthermore, it increased by 78 % more with the faster feed rate, 200 µm/tooth/rev. 
With the increase of depth of cut from 50 µm to 100 µm and increase of feed rate from 50 
µm/tooth/rev to 100 µm/tooth/rev, the axial force and radial force decreased respectively. The plowing 
was acting as a cutting process when the plunge depths (in the radial or axial direction) were low; 
therefore, larger forces were predicted at low feed rates and depths of cut. At the sufficient depth of 
the plunge, the cutting mechanism changed from plowing to shear, following reduction of the forces. 
Figure 19(c) shows the variations of the machining responses (radial, tangential and axial forces) 
as a function of the peripheral cutting speed. Each cutting force was slightly decreased if the cutting 
speed increased from 25 m/min to 50 m/min. The temperature in the material could increase and the 
strength of the material could be reduced following the increase in cutting speeds resulting in a small 
reduction of the cutting force. 
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Figure 19. Effect of the machining conditions on the cutting forces (tangential Ft, radial Fr, axial Fa): 
(a) depth of cut at a feed rate of 50 µm/tooth/rev. and a cutting speed of 25 m/min, (b) feed rate at a 
depth of cut of 50 µm and a cutting speed of 50 m/min, (c) cutting speed at a depth of cut of 50 µm 
and a feed rate of 50 µm/tooth/rev. 
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From the prediction using simulation, the maximum temperature of 777 ºC and 872 ºC at 25 
m/min and 50 m/min were estimated individually. About 100 ºC gap in temperature may lead the 
reduction of the material strength and cause lower cutting force. The tendency of the experimental 
results was well matched indicating decrease of cutting forces at higher cutting speed (see Fig. 6). 
Consequently, the thermal softening occurred in the material with increase of cutting speed due to 
increasing temperature, and the resulting cutting forces were reduced. 
 
3.4 Summary 
 
In this study, the FEM model for the milling process of Ti-6Al-4V titanium alloy was described 
including chip formation in milling based on the Johnson-Cook plasticity model. The analytical and 
experimental cutting forces were simulated and observed. The gap between estimated results and 
experimental results was within 34 %. The chip morphology was well matched between simulated and 
measured in terms of the chip curling. Increase of the depth of cut by increasing the feed rate lead 
increase of the uncut chip area. The estimated radial force increased by 66 % following the increase of 
depth of cut from 50 µm to 200 µm by the simulation. Under same conditions, the tangential force 
and axial force increased by 237 % and 100 % respectively. Increasing the feed rate from 50µm/tooth 
to 200µm/tooth, increase of the radial force by 25%, and of the tangential force by 143%, and the 
axial force by 239% was observed. The uncut chip area was the same for the maximum depth of cut 
with the minimum feed and vice versa. In this condition, the maximum tangential force at the highest 
feed was 27% lower than that at the biggest depth of cut. Therefore, material removal rate can be 
optimized and maximized by increasing the feed rate. Additionally, increasing the cutting speed from 
25 m/min to 50 m/min reduced the radial force by 35% and the axial force by 17% due to an increase 
in temperature and corresponding thermal softening of the materials. Ultimately, it can be concluded 
that the current work may be useful investigation in the machining characterization of titanium alloys. 
Moreover, expanding this work, it is expected that the finding solutions of the other related machining 
problems in titanium alloys such as burr formation and poor machined surface could be solved. 
Additionally, the model can also be extended in the field of the machining environment including 
cryogenic machining and other cooling approaches. 
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4. CROGENIC MILLING PROCESS WITH PRE-HEATED 
WORKPIECE 
 
4.1 Experimental procedure 
 
The actual experiment of milling process is implemented with a desktop milling machine, which 
has an accuracy of ± 10 μm and a positioning resolution of 0.1 μm. The machining setup is shown in 
Fig. 20. The machine had two coordinated translation stages for creating three-dimensional features. 
The tool could move in the X and Z directions and the workpiece could move in the Y direction. Two 
fluted tungsten carbide end-milling cutters with a helix angle of 30° and a tool diameter of 3 mm were 
used in the experiments, and two tool coatings (Si and CrTiAlN) were applied. The machining 
environments considered were dry, cryogenically cooled, and cryogenically cooled with a preheated 
workpiece. The LN2 is injected from the acetal-nozzle, which located with 60° of injection angle and 
20mm of injection distance. The cutting forces were measured during the machining via a three-
component dynamometer (KISTLER Mini-dyne® 9256C2). The workpiece was attached to a steel 
fixture held on the dynamometer. A copper plate was placed just below the workpiece for heating 
purposes. Two electric heaters, each with a capacity of 100 W, were attached to the copper plate via 
holes drilled through it. A schematic of the experimental procedure is shown in Fig. 21. Scanning 
electron microscopy (SEM) was used to capture the tool wear morphology and the chip morphology. 
Following chapter 3, two cutting depths of 50 and 200 µm, two feed rates of 50 and 200 µm/tooth/rev, 
and two cutting speeds of 25 and 50 m/min were considered in the experiments. 
 
 
Figure 20. Experimental setup with heating plate and nozzle assembly 
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Figure 21. Experimental methodology 
 
4.2 Cutting force analysis of cryogenic machining 
 
The cutting force response is a key element in any machining process, and plays an important role 
in tool life analysis. Reduced cutting forces result in higher material removal rates and better 
productivity. Low cutting forces can directly reduce the machining cost, and hence the overall 
manufacturing cost. While a low machining temperature is expected to increase the tool life, it can 
also increase the workpiece strength. Therefore, cutting forces are increased by cryogenic machining. 
A preheating technique was implemented to reduce the material strength of the workpiece for 
cryogenic machining. The initial workpiece temperature was set at 200°C. The temperature 
distribution of the each machining is showed at Figure 23. The dry machining is applied at room 
temperature and cryogenic machining and preheated cryogenic machining is applied at -60 to -40 °C 
and 70 to 100 °C respectively. Figure 24(a) – (f) shows the cutting force analysis results for 
combinations of three different cutting depths of 50, 100, and 200 µm, three different feeds per flute 
of 50, 100, and 200 µm, and two linear cutting speeds of 25 and 50 m/min. Figure 24(a) – (c) shows 
the effects of cryogenic machining and preheating on the cutting force at the three cutting depths. At 
the lowest cutting depth of 50 µm, cryogenic machining reduced the cutting force by a very small 
amount, and increases in the cutting force were observed at the other two cutting depths. Because of 
the very small changes involved, the effect of cryogenic machining can be neglected. Application of 
the heater produced respective reductions of 63 and 65% in the X- and Y-components of the force at 
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the low cutting depth (see Fig. 24(a)). When the cutting depth was increased to 100 µm, the effect was 
weaker, and the X- and Y-components of the force were reduced by 37 and 25%, respectively. Further 
increases in the cutting depth rendered the effect of workpiece preheating negligible, and hence the 
effect was negligible at a cutting depth of 200 µm. This can be attributed to the fact that overall 
exposure to the cryogenic fluid was smaller since the exposed cross-sectional area was similar in all 
cases, while the axial depth of the cut increased by four times. Therefore, the cutting forces produced 
by dry and cryogenic machining were initially lower, and the effect of workpiece preheating was 
negligible at the higher cutting depth. 
The influence of the machining environment was also studied at higher feed rates. The effects of 
an increased feed rate are shown in Figure 24(a), (d), and (e). Cryogenic machining increases the X- 
and Y-components of the cutting force due to the lower workpiece temperature. Here, the reduction in 
the cutting forces due to preheating was almost constant, ranging from 53 and 65%. This is because 
the augmented chip load increased the exposed area since the feed distance was increased while the 
proportions remained the same. Thus, the effect of the preheated workpiece combined with cryogenic 
machining was uniform throughout the range of feed rates. 
Figure 24(a) and (b) shows the effect of the machining environment at the two cutting speeds of 
25 and 50 m/min. Since the supply of cryogenic fluid was constant, the volume of applied cryogenic 
fluid per unit time was halved at the higher cutting speed, and hence the cutting forces decreased in all 
three machining environments. The X- and Y-components of the cutting force were reduced by 48 and 
56%, respectively, at a cutting speed of 50 m/min.  
 
Table 6: Temperature distribution at dry, LN2 and LN2+heater condition. 
Machining condition Temperature of the heating plate Temperature of the workpiece 
Dry machining - 27℃ 
LN2 cryogenic machining - -40 ~ -60℃ 
LN2+heater cryogenic 
machining 
200℃ 100 ~ 70 ℃ 
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(a) 
 
(b) 
 
(c) 
Figure 22. Milling process of each conditions; (a)dry, (b)LN2 and (c)LN2+heater 
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(a) 
 
(b) 
 
(c) 
Figure 23. Thermal image of each conditions; (a)dry, (b)LN2 and (c)LN2+heater 
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Figure 24. Cutting force analysis under dry, cryogenic, and cryogenic plus preheated machining 
conditions. The cutting depth in µm, feed rate in µm/tooth/rev, and cutting speed in m/min are: (a) 50, 
50, 25; (b) 100, 50, 25; (c) 200, 50, 25; (d) 50, 100, 25; (e) 50, 200, 25; (f) 50, 50, 50 
 
4.3 Tool life analysis of cryogenic machining 
 
Three machining conditions were considered in the analysis of tool life, and three cutting speeds 
were used. Figure 25(a) – (c) shows the influence of the machining environment on the tool life at the 
three cutting speeds. A Si-coated tool with a diameter of 3 mm was used in this analysis. According to 
Fig. 25(a), at a speed of 25 m/min, the tool life increased by 44% when the machining environment 
was changed from dry to cryogenic, and by 78% when the machining environment was changed from 
dry to cryogenic plus preheated. A similar trend was observed at the higher cutting speed of 37.5 
m/min, with respective tool life increases of 46 and 88% for the same machining environment 
changes (see Fig. 25(b)). The highest cutting speed considered was 50 m/min, for which the trend was 
comparable to the previous cases, as shown in Fig. 25(c). From these results, it may be inferred that 
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cryogenic-assisted machining provides a cooling effect on the machining area. This cooling effect 
decreases the machining temperature and increases the tool life. However, the cooling effect also 
increases the strength of the workpiece material, and hence the cutting forces are increased. 
Preheating of the workpiece compensates for the workpiece cooling, leading to a reduction in the 
material strength and lower cutting forces. In the cryogenic plus preheated case, the tool life was 
increased due to the lower machining temperature at the tool tip and the comparatively higher 
workpiece temperature. 
The material removal rate was also studied in this work; the results are shown in Fig. 27. The 
volume of the machined material was measured, and was proportional to the tool life. As with the tool 
life, the volume of the machined material increased when cryogenic machining was employed, and 
was further increased by application of the heater to the workpiece.  
Figure 26 shows the results of the tool life analysis for the CrTiAlN-coated tool. Increased tool 
life was observed under dry machining conditions due to the hard coating. Figure 26(a) shows the 
influence of the machining environment on the tool life at the lowest cutting speed of 25 m/min. The 
tool life increased by ~55% when cryogenic cooling was applied during machining. As with the Si-
coated tool, workpiece preheating was carried out to enhance the tool life, but was less effective for 
the CrTiAlN-coated tool. At the higher cutting speed of 37.5 m/min, cryogenic-assisted machining 
increased the tool life by 44%, and the tool life increased by 61% when the workpiece was preheated 
(see Fig. 26(b)). At the highest cutting speed of 50 m/min, a 29% increase in the tool life was 
observed with the cryogenic and preheated workpiece, as shown in Fig. 26(c). This analysis confirms 
that cryogenic cooling helps to increase the tool life by decreasing the cutting temperature. However, 
workpiece preheating produced a largely negative response in this case, and the tool life was only 
increased at the medium cutting speed of 37.5 m/min. The harder tool coating exhibited a wear-
resistance capability with lower friction, so that changes in the cutting force had less effect on the tool 
wear. The tool wear mechanisms for both kinds of coating are described in a later section. This 
physical phenomenon can be better explained by considering the tool wear morphology. 
As with the Si-coated tool, the material removal volume per tool was calculated for the CrTiAlN-
coated tool (see Fig. 28). Dry machining produced 1500 mm3 of removed material at all cutting 
speeds. The material removal volume was increased by cryogenic cooling, and exceeded 2500 mm3 at 
the lowest cutting speed. The figure indicates that the effectiveness of cryogenic cooling decreased 
with increasing cutting speed. This may be due to the lower availability of cooling fluid at higher 
speeds, resulting in decreased cooling capability and smaller increases in the material removal. 
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Figure 25. Tool life analysis of the 3-mm Si-coated tool at three cutting speeds: (a) 25 m/min, (b) 37.5 
m/min, and (c) 50 m/min 
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(a) 
 
(b) 
 
(c) 
 
Figure 26. Tool life analysis of the 3-mm CrTiAlN-coated tool at three cutting speeds: (a) 25 m/min, 
(b) 37.5 m/min, and (c) 50 m/min 
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Figure 27. Material removal volume per tool for the 3-mm Si-coated tool at the three cutting speeds 
 
 
 
 
Figure 28. Material removal volume per tool for the 3-mm CrTiAlN-coated tool at the three cutting 
speeds 
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Figure 29. Influence of the tool coating on the tool life for (a) dry, (b) cryogenic, and (c) cryogenic 
plus preheated workpiece machining conditions 
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The previous section described the effect of the machining environment on the tool life. Two 
kinds of coating (hard CrTiAlN and soft Si) were used in the analysis since the effectiveness of the 
machining conditions according to the coating material may provide useful results. Figure 29(a) 
shows the effect of the coating under dry machining conditions. The hard coating increased the tool 
life by 19 – 24% over the selected range of cutting speeds (25 – 50 m/min). This can be regarded as a 
true effect of the coating under dry machining conditions. Figure 29(b) shows the effect of the coating 
under cryogenic machining conditions. A 27% increase in the tool life was observed at the low cutting 
speed of 25 m/min, decreasing to 14 and 8% at the respective higher cutting speeds of 37.5 and 50 
m/min owing to the reduced availability of cryogenic fluid at these speeds. Application of the heater 
increased the tool life with the soft coating, but was less effective with the hard coating. Figure 29(c) 
indicates that the effect of the coating was negligible when a preheated workpiece was combined with 
cryogenic cooling. 
The tool-wear mechanisms for both kinds of coating were analyzed under dry, cryogenic, and 
cryogenic plus preheated conditions. Figure 30(a) – (f) shows the tool wear morphology for the three 
machining environments at stages just before tool wear and just after full tool wear of 300 µm was 
reached. Figure 30(a) and (b) shows the tool wear under dry machining conditions before and after 
full wear. The wear began with small amounts of chipping and rubbing, and developed into peeling of 
the tool surface under dry machining conditions. With cryogenic machining, a built-up edge (BUE) 
appeared on the tool tip. The fully worn tool exhibited uniform wear at low tool temperatures, mostly 
due to rubbing rather than chipping (Fig. 30(c) and (d)). With the preheated workpiece, a BUE was 
visible on the tool tip before and after tool wear. The uniform rubbing shown in Fig. 30(f) was 
responsible for the long tool life in the cryogenic and cryogenic plus preheated machining 
environments. 
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Figure 30. Tool wear morphology of the Si-coated tool for the three machining environments. The top 
image was taken before tool wear, and the bottom was taken after full tool wear of 300 µm was 
reached.  
 
Figure 31. Tool wear morphology of the CrTiAlN-coated tool for the three machining environments.  
 
Figure 31(a) – (f) shows the tool wear morphology for the CrTiAlN-coated tool in the three 
machining environments. Again, two images were taken for each environment. The top image was 
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taken just before tool wear, and the bottom was taken after full tool wear was reached. Figure 31(a) 
and (b) shows the tool wear under dry machining conditions. A built-up edge (BUE) was visible on 
the rake face of the tool (Fig. 31(a)). Dry machining causes high machining temperatures and 
softening of the workpiece, which leads to an accumulation of workpiece material on the tool rake 
face. The BUE could also be responsible for the higher cutting forces and poor machined surface on 
the Ti6Al4V workpiece. Figure 31(b) shows tool wear exceeding the limit of 300 µm. The image 
indicates that brittle fracture was the main cause of tool failure near the cutting edge. Rubbing was 
also visible on the flank face. The tool wear was not uniform, and a mixture of tool failure 
mechanisms is shown. Figure 31(c) and (d) shows the tool wear morphology with cryogenic 
machining. Unlike the dry machining case, a BUE did not appear due to the low machining 
temperature. Uniform wear with flaking of the flank face is shown in Fig. 31(c). Figure 31(d) shows 
the fully worn tool, with signs of wear extending to the flank surface and tool chipping. The chipping 
may have been due to the brittle nature of the tool at cryogenic temperatures. The worn tool surface 
clearly indicates that a large area was chipped off of the flank face. Figure 31(e) and (f) shows the 
morphology when machining was conducted under cryogenic conditions with a preheated workpiece. 
These images show uniform tool wear in comparison to the other two cases. The wear was limited to 
rubbing of the flank face and a small amount of chipping. As in the case of dry machining, a BUE was 
visible at the tip of the tool. 
 
4.4 Chip formation 
 
The chip formation and chip shape mirror the mechanics of material removal during a particular 
machining process. They reflect the machining technique, and can contribute to optimization of the 
process. Three machining environments were considered in this research. In each machining 
environment, the initial workpiece temperature and the tool/workpiece interface were different. Dry 
machining exhibited minimum workpiece strength at a high machining temperature, while cryogenic 
machining exhibited maximum workpiece strength at a low machining temperature, and workpiece 
preheating provided a higher initial workpiece temperature at a low tool temperature. Figure 32(a) – 
(d) shows the effect of the machining environment on the chip morphology. With dry machining, 
curved chips were formed due to high deformation in the shear zone caused by the higher machining 
temperature. Figure 32(b) shows the effect of cryogenic machining. In this case, hard metal was cut 
due to the lower machining temperature, and the curved chips produced by dry machining were 
replaced by straight chips due to the lower plastic deformation of the workpiece material. The 
preheated workpiece presented a mixture of the effects seen in the other two machining environments. 
Two workpiece temperatures were considered in the investigation of the chip morphology. More 
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curved chips were formed at the higher initial workpiece temperature (200°C), whereas straight chips 
were formed at the lower initial workpiece temperature (100°C). 
 
Figure 32. Chip morphology with (a) dry machining, (b) cryogenic machining, (c) preheated 
workpiece at 200°C plus cryogenic machining, and (d) preheated workpiece at 100°C plus cryogenic 
machining 
 
4.5 Summary 
 
Milling operations were performed on titanium alloy (Ti-6Al-4V) under three machining 
environments: (1) dry, (2) cryogenic, (3) cryogenic plus preheated. Two different tool coatings (Si and 
CrTiAlN) were chosen for investigation. The tool life, material removal rate, and cutting forces were 
analyzed quantitatively, whereas the tool wear morphology and chip morphology were analyzed 
qualitatively. In this study, the life of a Si-coated tool exhibited respective increases of ~50 and ~90% 
under cryogenic and cryogenic plus preheated machining conditions. The life of a CrTiAlN-coated 
tool exhibited variable increases with respect to the cutting speed. At a low cutting speed of 25 m/min, 
the tool life increased by 50 – 55% under cryogenic and cryogenic plus preheated machining 
conditions. Increases in the cutting speed reduced the effect of the machining environment 
modification with the CrTiAlN-coated tool. The material removal rate was proportional to the tool life 
in each case. With cryogenic machining, the influence of the coating was negligible at the higher 
cutting speed. A coating effect was not observed under preheated workpiece machining conditions.  
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With the Si-coated tool, the tool wear morphology showed that the primary tool wear mechanism 
was chipping on the tool rake face under dry machining conditions, but the mechanism changed to 
mechanical wear under cryogenic and cryogenic plus preheated machining conditions. For the hard 
coating (CrTiAlN), chipping was the main tool wear mechanism under cryogenic machining 
conditions. Mechanical wear was also observed under dry and cryogenic plus preheated machining 
conditions. Cryogenic machining increased the cutting force by a very small amount, whereas a 
preheated workpiece reduced the cutting force by up to 65%. Chip morphology revealed the formation 
of curved chips under dry machining conditions, and straight chips when cryogenic machining was 
employed. With the preheated workpiece, the chip curvature increased at the higher temperature, 
while straight chips were formed at the lower temperature. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
5.1 Summary of works 
 
The goal of this study is to observe the tendency of various machining condition in milling as 
well as the depth of cut, feed per tooth and cutting speed, and to increase the tool life and material 
removal rate in macro-milling of titanium.  
Chapter 2 organized a literature review on the fundamentals of micro milling process, evaluation 
of tool wear, application of the FEM for Ti-6Al-4V cutting, and previous literatures about cryogenic 
machining. In micro milling process, the chip thickness should be larger than edge radius of tool. The 
300 μm of flank wear is used to evaluate the tool wear. The cryogenic machining improves the tool 
life generally. 
Chapter 3 discussed the optimized machining condition (e.g., depth of cut, cutting speed and feed 
per tooth) of Ti-6Al-4V milling. The simulation shows that increasing the feed rate is the preferable 
method of increasing the material removal rate in Ti-6Al-4V machining. 
Chapter 4 discussed the effect of the cryogenic machining and the pre-heated cryogenic 
machining on the cutting force, chip morphology, tool life and material remove rate. The machining 
condition is obtained by chapter 3.  
  
5.2 Conclusions 
 
In this study, the FE model describes a milling process using the Johnson-Cook plasticity model. 
The simulation shows that comparing the increasing rate of tangential force followed by increasing 
feed and depth of cut, there was more increase of tangential force with increasing depth of cut. Thus 
increasing the feed rate is the preferable method of increasing the material removal rate in Ti-6Al-
4V machining.  
Moreover, The experiment shows that the cryogenic machining of milling increases the tool life 
with soft coating tool (Si coating) and hart coating (CrTiAlN coating) tool. As well as, during the 
cryogenic machining, preheated workpiece can improve a tool life more than normal cryogenic 
machining. This result has the significance that cryogenic machining can relax the limitation of 
machining condition with generally used tool. 
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5.3 Recommendations for future works 
 
In this research, the simulation consider on only dry machining. At low temperature, the 
properties of material is changed such as friction coefficient, J-C model parameters stiffness and etc. 
Therefore, the method which can determine the changed material properties at cryogenic 
temperature should be study.  
Moreover, the effec of quantity of LN2 is quite an abstract range in this study. The size of nozzle, 
injection pressure or injection method ,such as pulse- injection, can be a new subject in cryogenic 
machining.  
Lastly, effect of pre-heating of temperature can be a new control condition in the cryogenic 
machining with the pre-heated. Optimization of temperature condition is not studied. Thus, tool wear 
and force variations due to temperature change should be studied. 
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